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Abstract
We study the effect of multiple parton radiation to Higgs boson plus jet production at the
LHC, by applying the transverse momentum dependent (TMD) factorization formalism to resum
large logarithmic contributions to all orders in the expansion of the strong interaction coupling.
We show that the appropriate resummation scale should be the jet transverse momentum, rather
than the partonic center of mass energy which has been normally used in the TMD resummation
formalism. Furthermore, the transverse momentum distribution of the Higgs boson, particularly
near the lower cut-off applied on the jet transverse momentum, can only be reliably predicted by
the resummation calculation which is free of the so-called Sudakov-shoulder singularity problem,
present in fixed-order calculations.
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Introduction. With the discovery of the Higgs boson at CERN LHC [1, 2], the high energy
physics community is now focusing on determining the properties of the Higgs boson. This
is done by carefully comparing the experimental measurements of total and differential cross
sections in various Higgs boson production and decay channels to the Standard Model (SM)
predictions [3]. Among them, both the ATLAS and CMS collaborations have reported results
for several exclusive channels of Higgs production with zero, one or two jets [4–8]. With
more data to be collected at the LHC, studying the Higgs boson plus multijet processes will
allow us to further test the dynamics of perturbative QCD on the Higgs boson production,
and to better discriminate various Higgs boson production mechanisms [3].
One particular example is the inclusive production of the Higgs boson plus one jet,
A(P ) +B(P¯ )→ H(PH) + Jet(PJ) +X , (1)
where P and P¯ represent the incoming hadrons’ momenta, PH and PJ for final state particle
momenta. With higher luminosity at Run II of the LHC, the experimental uncertainties
of the cross section measurements of this process will be greatly reduced. Therefore, a
precise theoretical evaluation will be required to test the production mechanism for the
Higgs boson. The major theoretical uncertainty comes from higher order QCD corrections.
In order to reduce this uncertainty, two methods can be applied: One is to compute the
higher-order corrections in the expansion of the strong coupling constant αs; another is to
resum the large logarithms associated with the perturbative calculations to all orders in αs.
Great progress has been made recently in fixed order computations with a next-to-next-
to-leading order (NNLO) calculation completed for Higgs plus one jet production [9–12].
Meanwhile, the transverse momentum dependent (TMD) resummation [13–15] has been
derived in Ref. [16] for this process, where the Sudakov double logarithms at low imbalance
transverse momentum of the Higgs boson and the jet have been resummed to all orders in
αs. While the fixed order calculation provides a better determination of the total production
rate of the Higgs plus one jet events, it fails to predict the differential distribution of the
Higgs boson transverse momentum, near the lower cut-off applied on the jet transverse
momentum, which is known as the Sudakov-shoulder singularity problem [17]. Fortunately,
this problem can be resolved by performing an all-order resummation calculation, as to be
shown below.
The rest of this paper is organized as follows. We first introduce the TMD formalism
for Higgs boson plus jet production, and discuss the factorization property, with the special
emphasis on the scale dependence in the TMD factorization calculations. Then, we will
extend the resummation formalism derived in Ref. [16] to predict various inclusive observ-
ables in Higgs boson plus jet production in pp collisions, by integrating over the imbalance
transverse momentum of the Higgs boson and the final state jet which is zero at the leading
order. For the inclusive cross sections of the process of (1), we have to integrate over a wide
range of rapidity, where we encounter two separate large momentum scales: the partonic
center of mass energy squared (s) and the jet transverse momentum squared (P 2J⊥). As
discussed below, the TMD factorization formalism indicates that the appropriate choice for
the renormalization scale in our resummation calculation should be set around P 2J⊥, rather
than s.
TMD Resummation. In our calculation, the effective Lagrangian in the heavy top quark
mass limit is used to describe the coupling between Higgs boson and gluon,
Leff = − αs
12πv
F aµνF
aµνH, (2)
2
where v is the vacuum expectation value, H the Higgs field, F µν the gluon field strength
tensor, and a the color index. Our TMD resummation formula can be written as [16]:
d5σ
dyHdyJdP 2J⊥d
2~q⊥
=
∑
ab
σ0
[∫
d2~b⊥
(2π)2
e−i~q⊥·
~b⊥Wab→Hc(x1, x2, b⊥) + Yab→Hc
]
, (3)
where yH and yJ denote the rapidities of the Higgs boson and the jet, respectively, PJ⊥ the
jet transverse momentum, and ~q⊥ = ~PH⊥+ ~PJ⊥ the imbalance transverse momentum of the
Higgs boson and the jet. The first term (W ) contains all order resummation effect and the
second term (Y ) accounts for the difference between the fixed order result and the so-called
asymptotic result which is given by expanding the resummation result to the same order
in αs as the fixed order term. σ0 =
4
9
4α3s
√
2GF
s2(4π)3
denotes the normalization of the differential
cross section, and x1 and x2 are the momentum fractions of the incoming hadrons carried
by the partons, with x1,2 =
√
m2
H
+P 2
H⊥
e±yH+
√
P 2
J⊥
e±yJ√
S
. From the derivation of Ref. [16], we
can write the all order resummation result for W as
Wgg→Hg (x1, x2, b) = Hgg→Hg(s, µˆ)x1fg(x1, µ = b0/b⊥)x2fg(x2, µ = b0/b⊥)e
−SSud(s,µˆ2,b⊥) ,(4)
where s = x1x2S, where S is the partonic center of mass energy squared, b0 = 2e
−γE with
γE being the Euler constant, µˆ is the renormalization scale to apply the TMD factorization
in the resummation calculation. µˆ is also the scale to define the TMDs in the Collins 2011
scheme [15]. fa,b(x, µ) are the parton distribution functions(PDFs) for the incoming partons
a and b, and the µ is the evolution scale of the PDFs. The renormalization scale has been
set as µˆ2 = s in Ref. [16] to simplify the final expression, which is also an appropriate choice
for describing experimental observables in the central rapidity region. In this paper, we
will keep the renormalization scale explicitly in the above equation to demonstrate how to
choose an appropriate scale for numeric calculations.
The Sudakov form factor can be expressed as:
SSud(b) =
∫ µˆ2
b2
0
/b2
dµ2
µ2
[
ln
(
s
µ2
)
A+B +D ln
1
R2
]
, (5)
where R denotes the jet size of the final state jet. The coefficients A, B and D can be
expanded perturbatively in αs. For gg → Hg channel, at one-loop order, we have A = CAαsπ ,
B = −2CAβ0 αsπ , and D = CAαs2π . For gq → Hq channel, we have A = (CF/2 + CA/2)αsπ ,
B = (−CAβ0 − 3/4CF − (1/2)CA ln u/t + (1/2)CF ln u/t)αsπ , and D = CF αs2π . By applying
the TMD factorization in Collins 2011 scheme, we obtain the hard factor Hgg→Hg in Eq. (4),
at the one-loop order, as
H
(1)
gg→Hg = H
(0)
gg
αsCA
2π
[
ln2
(
µˆ2
P 2J⊥
)
+ 2β0 ln
µˆ2
P 2J⊥R
2
+ ln
1
R2
ln
µˆ2
P 2J⊥
− 6β0 ln µˆ
2
µ˜2
− 2 ln
(
P 2J⊥
µˆ2
)
ln
(
s
µˆ2
)
−2 ln s−t ln
s
−u + ln
2
(
t˜
m2h
)
− ln2
(
t˜
−t
)
+ ln2
(
u˜
m2h
)
− ln2
(
u˜
−u
)
+2Li2
(
1− m
2
h
s
)
+ 2Li2
(
t
m2h
)
+ 2Li2
(
u
m2h
)
+
67
9
+
π2
2
− 23
54
Nf
]
+ δH(1) , (6)
where H(0) = CA
4(N2c−1) (s
4 + t4 + u4 +m8h) /(stu), and s, t and u are the usual Mandelstam
variables for the partonic 2→ 2 process, and δH(1) represents terms not proportional to H(0)
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FIG. 1: The ratio of H(1)/H(0) as a function of Higgs boson rapidity.
and can be found in Refs. [18, 19]. We further introduce the shorthand notation t˜ = m2h − t
and u˜ = m2h − u, and use µ˜ to denote the renormalization scale for αs. Similarly, for the
subprocess g + q → H + q, we have
H
(1)
gq→Hq = H
(0)αs
2π
{
CA
[
1
2
ln2
(
µˆ2
P 2J⊥
)
+ ln
(
P 2J⊥
µˆ2
)
ln
(u
t
)
+ ln
(
P 2J⊥
µˆ2
)
ln
(
s
µˆ2
)
− 2 ln −t
µˆ2
ln
−u
µˆ2
−4β0 ln −u
µˆ2
− 6β0 ln µˆ
2
µ˜2
+ 2Li2
(
u
m2h
)
− ln2 u˜−u + ln
2 u˜
m2h
+
7
3
+
4π2
3
]
+CF
[
1
2
ln2
(
µˆ2
P 2J⊥
)
+
3
2
ln
µˆ2
P 2J⊥R
2
+ ln
1
R2
ln
µˆ2
P 2J⊥
− ln P
2
J⊥
µˆ2
ln
u
t
− ln P
2
J⊥
µˆ2
ln
s
µˆ2
+ 3 ln
−u
µˆ2
+2Li2
(
1− m
2
h
s
)
+ 2Li2
(
t
m2h
)
− ln2
(
t˜
−t
)
+ ln2
(
t˜
m2h
)
− 3
2
− 5π
2
6
]
+ 20β0
}
+ δH(1) .
(7)
It is interesting to note that many of the logarithms in H(1) can be eliminated if the factor-
ization scale µˆ is chosen to be PJ⊥. To illustrate this point, we plot the ratio of H(1)/H(0)
as functions of Higgs rapidity yH in Fig. 1 with the jet rapidity fixed at yj = 0. It shows
that H(1) is much larger than H(0) in the large yH region if we choose µˆ
2 = s. In contrast,
the ratio of H(1)/H(0) becomes less sensitive to yH with µˆ
2 = P 2J⊥. This is because when
the difference of yH and yJ becomes large, the invariant mass Q
2 of the Higgs boson and the
leading jet can become much larger than the transverse momentum of the jet. Hence, we
should choose µˆ = PJ⊥ to resum the large logarithms in the perturbative contributions. In
the following, we will adopt this scale choice in our theory predictions, though we will also
show some results with µˆ2 = s for the sake of comparison.
Higgs Boson Plus Jet Production at the LHC. We apply the above resummation formula
to compute the differential and total cross sections of the Higgs boson production associated
with a high energy jet. We will integrate out the imbalance transverse momentum q⊥ of
Eq. (3), and take into account the contributions from both the gg → Hg and gq(q¯)→ Hq(q¯)
channels. The gg and gq productions channel account for about 71% and 29% of the total
rate, respectively. The qq¯ → Hg channel contribution is less than about 1% and is ignored
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in our calculations. We use the anti-kt algorithm to define the observed jet, and the jet size
is set at R = 0.5. In our calculation we will apply the narrow jet approximation [20].
Before we present our numeric results, we would like to comment on the cross-check
of this method. First, we perform the fixed order expansion of the integral of Eq. (3) to
obtain the total cross section to compare with the fixed order prediction. The resummation
formalism is designed in such a way that the Y -term vanishes as q⊥ approaches to zero.
Hence, the contribution to the total cross section from the small q⊥ region mainly comes
from the integration of the W -term from q⊥ = 0 to a small value Λ (about 1 GeV). After
expanding its result to the αs order and summing up with the fix-order contribution for q⊥
greater than Λ, we obtain the total cross section at the αs order [21]. We find that our result
differs from the exact NLO result given by the MCFM code [22], which also uses heavy top
quark effective theory in the calculation, by about 2% for R = 0.5, with the hard scale set to
be the Higgs boson mass. This discrepancy arises from the narrow jet approximation made
in calculating the H(1) term, and it increases as R increases. We could model this difference
as an additional R-dependent function inside H(1). Through comparison between our result
in the small R limit and the full result from MCFM for different R values ranging from 0.3
to 0.7, and assuming the higher R correction is proportional to H(0), we parameterize the
correction as H(0) αs
2π
(CAR − 1.1R + 23.3R2) and H(0) αs2π (CF R − 0.8R + 22.3R2) in H(1)
for producing the final state gluon and quark jets, respectively. These modifications will be
included in the following numeric calculations. Second, the q⊥ in the resummation part is
required to be smaller than the renormalization scale µˆ so that the Sudakov factor will go
to one when q⊥ is integrated out. Namely, in our numerical calculations, we have included
a theta-function Θ(µˆ − q⊥) in Eq.(3) to limit the range of q⊥ integration. This will result
in a similar total cross section predicted from our resummation calculation as that from the
fixed order calculation, though they differ in the differential distributions of some inclusive
experimental observables, such as (PH⊥). Furthermore, as shown in Ref. [23], the heavy top
quark effective theory does not approximate well the exact one-loop calculation with full mt
dependence included, when PH⊥ is much larger than the top quark mass mt.
In our numeric calculations, we have included in the Sudakov form factor, in addition
to the A(1), B(1) and D(1) contributions discussed above, the A(2) contribution at the two-
loop order. This is because the coefficient A(2) only depends on the flavor of the incoming
partons and is the same as that for inclusive Higgs boson production via gg → H +X [24].
Following the experimental analysis [7], we require the rapidity of the observed jet to satisfy
|yJ | < 4.4. Since our numerical results are obtained using the heavy top quark effective
theory, the effect from finite quark mass in the loops is not included [22]. Furthermore, we
take the mass of the Higgs boson (mH) to be 125 GeV, and use the CT14 NNLO PDFs [25]
in this study, with the renormalization scale set at µ˜ = mH .
In Fig. 2, we compare various differential cross sections of the Higgs boson production
associated with one inclusive jet at the LHC. The result of the resummation calculations
(resum), with two different µˆ scales (Q and PJ⊥), are denoted by the solid and dotted lines,
respectively. The LO result from MCFM, which is the production of Higgs boson plus one
inclusive jet with non-zero q⊥, is denoted by the dash-dotted lines. The NLO result from
MCFM, which is the production of Higgs boson plus two separate jets up to one-loop in
QCD, is denoted by the dashed lines.
In the total transverse momentum q⊥ distribution plot, we find that fixed order cal-
culations (MCFM at LO or NLO) cannot describe the small q⊥ region. The resummation
calculation with the resummation scale (µˆ) chosen to be the jet transverse momentum (PJ⊥)
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FIG. 2: The differential cross sections of Higgs boson plus one jet production at the LHC as func-
tions of the total transverse momentum q⊥, the Higgs boson transverse momentum PH⊥, and the
azimuthal angle φ between Higgs boson and the leading jet. Here, we compare the resummation
predictions (resum), with resummation scale set to be PJ⊥ (solid line) and Q (dotted line), re-
spectively, to the LO result from MCFM (dash-dotted line) with non-zero q⊥, and the NLO result
from MCFM (dashed line) which is the production rate of Higgs boson plus two separate jets up
to one-loop in QCD.
predicts a well behaved q⊥ distribution in the small q⊥ region because large logs there have
been properly resummed, and its prediction also nicely merges with the full NLO MCFM
result as q⊥ approaches to about mH/2. On the other hand, the resummation calculation
with the resummation scale chosen to be the invariant mass (Q) of Higgs boson and jet
predicts a too large rate in the large q⊥ region. In the Higgs boson transverse momentum
PH⊥ distribution plot, we find that the full NLO MCFM prediction cannot describe PH⊥
near the threshold region, which is the so-called Sudakov-shoulder singularity problem in
fixed-order calculations. In contrast, the resummation predictions can be directly compared
to the upcoming precision experimental data at the LHC. Again, it shows that the resum-
mation calculation with µˆ chosen to be PJ⊥ cannot only describe the threshold region, but
also agrees well with the NLO MCFM prediction in the large PJ⊥ region. For completeness,
we also show the comparison of the azimuthal angle φ between Higgs boson and the lead-
ing jet, in which the resummation calculations differ from the fixed-order prediction, after
resumming the effect from multiple gluon radiations in both initial and final state.
In summary, we have applied the TMD resummation theorem to study the production
of the Higgs boson associated with one inclusive jet at the LHC. We show that the proper
renormalization scale to be used in the resummation calculation is the transverse momen-
tum of the leading jet, and only the resummation calculation can reliably predict various
differential cross sections, to be tested by the upcoming precision data at the LHC.
We thank Jianwei Qiu, Bo-Wen Xiao for discussions and comments. We also thank Xiao
Feng Luo for helpful discussion. This work is partially supported by the U.S. Department
of Energy, Office of Science, Office of Nuclear Physics, under contract number DE-AC02-
05CH11231, and by the U.S. National Science Foundation under Grant No. PHY-1417326.
[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012).
[2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012).
6
[3] S. Dittmaier, S. Dittmaier, C. Mariotti, G. Passarino, R. Tanaka, S. Alekhin, J. Alwall and
E. A. Bagnaschi et al., arXiv:1201.3084 [hep-ph]; S. Heinemeyer et al. [LHC Higgs Cross
Section Working Group Collaboration], arXiv:1307.1347 [hep-ph].
[4] G. Aad et al. [ATLAS Collaboration], JHEP 1409, 112 (2014)
[5] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 738, 234 (2014)
[6] G. Aad et al. [ATLAS Collaboration], arXiv:1408.7084 [hep-ex].
[7] G. Aad et al. [ATLAS Collaboration], Phys. Rev. Lett. 115, no. 9, 091801 (2015)
[8] V. Khachatryan et al. [CMS Collaboration], arXiv:1508.07819 [hep-ex].
[9] R. Boughezal, F. Caola, K. Melnikov, F. Petriello and M. Schulze, JHEP 1306, 072 (2013).
[10] R. Boughezal, F. Caola, K. Melnikov, F. Petriello and M. Schulze, Phys. Rev. Lett. 115, no.
8, 082003 (2015).
[11] R. Boughezal, C. Focke, W. Giele, X. Liu and F. Petriello, Phys. Lett. B 748, 5 (2015)
[12] F. Caola, K. Melnikov and M. Schulze, Phys. Rev. D 92, no. 7, 074032 (2015)
[13] J. C. Collins, D. E. Soper and G. F. Sterman, Nucl. Phys. B 250, 199 (1985).
[14] X. Ji, J. P. Ma and F. Yuan, Phys. Rev. D 71, 034005 (2005); JHEP 0507, 020 (2005).
[15] J. Collins, “Foundations of perturbative QCD,” (Cambridge monographs on particle physics,
nuclear physics and cosmology. 32)
[16] P. Sun, C.-P. Yuan and F. Yuan, Phys. Rev. Lett. 114, no. 20, 202001 (2015)
[17] S. Catani and B. R. Webber, JHEP 9710, 005 (1997)
[18] V. Ravindran, J. Smith and W. L. Van Neerven, Nucl. Phys. B 634, 247 (2002).
[19] C. J. Glosser and C. R. Schmidt, JHEP 0212, 016 (2002).
[20] P. Sun, C.-P. Yuan and F. Yuan, Phys. Rev. Lett. 113, no. 23, 232001 (2014)
[21] C. Balazs and C. P. Yuan, Phys. Rev. D 56, 5558 (1997)
[22] J. M. Campbell and R. K. Ellis, Nucl. Phys. Proc. Suppl. 205-206, 10 (2010); MCFM home
page, http://mcfm.fnal.gov.
[23] R. V. Harlander, T. Neumann, K. J. Ozeren and M. Wiesemann, JHEP 1208, 139 (2012)
[24] S. Catani, D. de Florian and M. Grazzini, Nucl. Phys. B 596, 299 (2001) S. Catani, L. Cieri,
D. de Florian, G. Ferrera and M. Grazzini, Nucl. Phys. B 881, 414 (2014)
[25] S. Dulat et al., arXiv:1506.07443 [hep-ph].
7
